Layered tin sulfide semiconductors are both of fundamental interest and attractive for energy conversion applications. Sn sulfides crystallize in several stable bulk phases with different Sn:S ratios (SnS 2 , Sn 2 S 3 , and SnS), which can transform into phases with a lower sulfur concentration by introduction of sulfur vacancies (V S ). How this complex behavior affects the optoelectronic properties remains largely unknown but is of key importance for understanding light-matter interactions in this family of layered materials. Here, we use the capability to induce V S and drive a transformation between few-layer SnS 2 and SnS by electron beam irradiation, combined with in-situ cathodoluminescence spectroscopy and ab-initio calculations to probe the role of defects in the luminescence of these materials. In addition to the characteristic band-edge emission of the endpoint structures, our results show emerging luminescence features accompanying the SnS 2 to SnS transformation. Comparison with calculations indicates that the most prominent emission in SnS 2 with sulfur vacancies is not due to luminescence from a defect level but involves recombination of excitons bound to neutral V S in SnS 2 . These findings provide insight into the intrinsic and defect-related optoelectronic properties of Sn chalcogenide semiconductors. Published by AIP Publishing. https://doi.org/10.1063/1.5007060 Layered group IV chalcogenide semiconductors have attracted significant interest as electronic materials due to their unique physical properties and potential applications in renewable energy conversion. Tin disulfide (SnS 2 ) and disulfide/diselenide alloys have been fabricated into field-effect transistors with a high on-off current ratio and carrier mobility comparable to those of transition metal dichalcogenides. [1] [2] [3] [4] Other characteristics of these systems such as a bandgap of $2.3 eV for SnS 2 and suitably aligned redox potentials make them interesting for photocatalysis. 5, 6 Tin sulfide (SnS) has shown promise as a photovoltaics absorber material, 7, 8 while tin selenide (SnSe) has demonstrated exceptional thermoelectric properties. 9 Finally, monochalcogenides are predicted to be ferroelectrics/multiferroics with substantially smaller bandgaps than typical oxide ferroelectrics, 10, 11 which is both of fundamental interest and may enable the realization of 3rd generation solar cell concepts such as shift current photovoltaics. 12, 13 Most of the potential applications take advantage of the optoelectronic properties of tin chalcogenides, which have been determined to date for single crystals, 5,14-17 polycrystalline thin films, [18] [19] [20] or chemically synthesized nanoflakes. 21 The fact that Sn chalcogenides can exist in three different bulk crystal structures with different chalcogen contents (e.g., SnS 2 , Sn 2 S 3 , and SnS) not only makes these materials interesting but also causes complications: The absence of a fixed stoichiometry implies that several phases may be present both in source materials (precursor powders, evaporation materials, and sputtering targets) and in the resulting films. 8, 22 Sousa et al. recently suggested thermal annealing of sputtered SnS 2 films as a possible route toward single-phase SnS for photovoltaics, 23 using the fact that the composition can be continuously varied across the entire spectrum of materials via introduction of defects such as sulfur vacancies (V S ). Such defects, which are likely to be abundant as they can be produced in material synthesis as well as during thermal processing or by interaction with energetic electron or ion beams, can strongly affect light absorption and emission. Several theoretical studies have addressed the defect chemistry, e.g., the formation energy of different defects in SnS 24 and across all three stable phases of the Sn-sulfide family. 25 In experiments, few efforts have been made to control the concentration of defects and identify the link between defects or the resulting bandgap states and their optoelectronic properties. Thus, the precise relationship between the features in the optical spectra and defect types remains poorly understood. Here, we use controlled structural transformations between SnS 2 and SnS by generating abundant V S during exposure to a high-energy electron beam, 26 along with high spatial resolution cathodoluminescence spectroscopy in scanning transmission electron microscopy (STEM-CL) and ab-initio calculations to study the optoelectronic signatures of different Sn sulfide phases and of their defects. Our results indicate a rich set of optically active defect states appearing during the transformation from SnS 2 to SnS. Experiments were carried out on few-layer SnS 2 flakes, mechanically exfoliated to below 10 layer thickness from high-quality, Cl-doped single crystals grown by the vertical Bridgman method 27 and supported on transmission electron microscopy (TEM) grids with amorphous carbon membranes. Electron-beam-induced structural transformations were performed in an FEI Osiris ChemiSTEM at a beam energy of 200 keV, with samples heated to 400 C on a Gatan 652 hightemperature sample holder to achieve larger areas (up to $1 lm 2 ) of transformed materials. In addition to SnS 2 , reference samples of nominally pure SnS powder [Tin (II) sulfide, 96%; Sigma Aldrich] were prepared by ultrasonication of the powder in de-ionized water, followed by drop-casting on carbon membrane TEM grids. Optoelectronic properties were assessed at room temperature and 110 K by STEM-CL, measured using a Gatan Vulcan STEM-CL system on a FEI Osiris instrument and on a FEI Talos field-emission (S)TEM at a primary electron energy of 200 keV and a typical beam current of 250 pA. The typical spatial resolution in these measurements is illustrated in Fig. S1 , supplementary material. Complementary measurements included micro-Raman spectroscopy, performed on a Horiba Xplora Plus instrument with an excitation wavelength of 532 nm at a power of $16 lW.
Electronic band structures were calculated within the framework of density functional theory (DFT), carried out in the plane-wave basis and within the projector-augmented wave (PAW) description of the core regions, as implemented in VASP. 28, 29 We adopted a plane wave cutoff of 500 eV and k-point meshes of 12 Â 12 Â 6 for SnS 2 and 12 Â 12 Â 4 for SnS. In hybrid functional calculations, the k-point mesh in the Fock exchange operator was halved. In order to reproduce the experimental lattice parameters and bandgaps of SnS 2 , we benchmarked four exchange-correlation functionals: PBE, PBE-D2, revB86b, and HSE-D2. [30] [31] [32] [33] While the functional with van der Waals interactions yielded a good c lattice parameter, all functionals with semilocal exchange gave too large lattice constant a. Only the HSE functional with vdW interactions accounted for empirically at the D2 level provided a good description of both parameters (see supplementary material). In addition, semilocal functionals significantly underestimated the bandgap, whereas HSE slightly overestimated it. For a more straightforward comparison with experiment, the fraction of the exact exchange was reduced to 0.22 from the standard value of 0.25, whereby the calculated gap (without excitonic effects) reproduces the experimental gap (with excitonic effects). This is justified by the small exciton binding energy of 0.1 eV in bulk SnS 2 . 34 The lattice constants were largely unaffected by this change. The same functional was also used for SnS, yielding good lattice parameters and bandgaps. In considering the properties of defects in SnS 2 , we focused on sulfur vacancies (V S ) and chlorine dopants substituted in the S sites. Calculations were carried out in a 5 Â 5 Â 3 supercell (225 atoms). We used a cut-off energy of 300 eV and a 2 Â 2 Â 2 k-point mesh. Fock exchange was evaluated solely at the C point. Since the binding energy of bound excitons can be larger than that of free excitons, we have probed these electron-hole interactions by carrying out DSCF calculations with fixed state occupations (see supplementary material, Note 1). Figure 1 shows the effects of electron-beam irradiation at elevated temperatures on the morphology and atomic structure of few-layer SnS 2 . In TEM, the starting material-thin SnS 2 flakes exfoliated from a crystal of the layered material 35 -is imaged as extended domains with few lm lateral dimensions and a largely uniform thickness [ Fig. 1(a) ]. Networks of wrinkles exist in these flakes, mostly in areas supported by the carbon membrane of the TEM grid. Some thicker areas [e.g., top center of Fig. 1(a) ] are identified via their darker (mass-thickness) contrast. Electron diffraction shows the characteristic sixfold symmetric pattern of rhombohedral SnS 2 [ Fig. 1 
No other crystalline phases are detectable. Consistent with the diffraction results, high-resolution TEM (HRTEM) shows a well-ordered lattice with contrast and lattice parameter characteristic of layered SnS 2 imaged along the c-axis (i.e., perpendicular to the plane of the covalently bonded layers). 1, 26 In previous work, we showed that electron-beam irradiation of SnS(e) 2 induces chalcogen vacancies, followed by ordering into vacancy lines and ultimately a complete transformation into the less chalcogen-containing phase SnS(e). 26 Whereas at room temperature this transformation produces small, few-nm scale single crystal areas of the final phase embedded in the parent SnS(e) 2 crystal, at elevated temperatures, large areas can be transformed uniformly by electronbeam irradiation. This is documented in Fig. 1(d) -1(f). Figure 1(d) shows a TEM image of the same flake shown in Fig. 1 (a) after exposure to 200 keV electrons at 400 C. In thin areas, clear signs of the effects of this processing can be seen, notably the opening of voids in the previously continuous flake. A majority of these voids are bound by straight, faceted edges, most of which enclose 90 angles with each other. The mass loss that gives rise to these voids likely involves sublimation of the final SnS phase at the elevated temperatures of our experiments, possibly assisted by additional energy transfer from the electron beam. Electron diffraction across both larger (>1 lm) and smaller continuous flake segments shows a pattern that can be indexed to orthorhombic SnS [ Fig. 1(e) ]. The SnS layers are no longer stacked along the surface normal but are tilted $21 relative 
262102-2
Sutter et al.
Appl. Phys. Lett. 111, 262102 (2017) to the plane of the original SnS 2 trilayers as determined from the diffraction patterns and HRTEM images that are oriented such that the electron beam projects along the [011] direction. 26 Again, no secondary crystalline phases are detectable, and the contrast in HRTEM is consistent with the transformation of the entire area of SnS 2 into SnS [ Fig. 1(f) ].
The electron-beam induced removal of S-atoms from well-ordered SnS 2 crystals, i.e., generation of V S ultimately followed by a structural transformation to SnS, presents a unique opportunity for identifying optoelectronic signatures not only of the two endpoint structures SnS 2 and SnS but also of defective intermediates between these phases, e.g., SnS 2 with an increasing density of V S . To gather such information, we used in-situ spectroscopy in STEM-CL, which enables measurements of luminescence spectra with excitation by a focused electron beam rather than optical (laser) excitation and thus provides optoelectronic information at length scales far below the diffraction limit of conventional photoluminescence (PL) spectroscopy. 36 In Fig. 2 , this capability is used to probe luminescence from SnS 2 at different stages of the electron-beam induced transformation to SnS. Fig. 2(b) ], respectively. Figure 2 (c) displays the corresponding CL spectra. Note that the SnS 2 crystal shown in Fig. 2(b) has varying thicknesses and that thicker areas (with brighter HAADF-STEM contrast) are less affected by electron irradiation at the same dose. Hence, thickness variations can be leveraged to survey and compare luminescence at different stages of the transformation on a single flake.
The CL spectrum measured for SnS 2 with minimal electron exposure [Fig. 2(c-i) ] shows a broad emission maximum between $1.8 and 2.4 eV, i.e., in a spectral region that includes the reported indirect gap of SnS 2 ($2.3 eV at 110 K), 5 but which already extends into the bandgap as well.
Thinner areas with more advanced transformation show an increase in the intensity of the sub-bandgap emission, first centered at $2.0 eV [ Fig. 2(c- ii)] and then to lower photon energies. In addition, a well-defined peak begins to emerge, which is centered at 1.40 eV. In the thinnest (i.e., most transformed) areas, this additional luminescence feature ultimately emerges as a sharp, intense peak at 1.38 eV with a shoulder toward higher photon energies [1.4-1.8 eV; Fig. 2(c-iv) ].
In thin SnS 2 areas as shown in Fig. 2 , the luminescence within the SnS 2 bandgap is rather broad and shows no distinct spectral features except for the emerging peak at $1.40 eV. To probe in more detail possible defect-mediated luminescence due to the formation of V S , we measured CL spectra on thicker SnS 2 flakes along with reference samples extracted from nominally pure SnS powder (also see the Raman spectrum, Fig. S2, supplementary material) . These measurements are shown in Fig. 3 along with calculated band structures of SnS 2 and SnS to illustrate the main optical transitions in defect-free crystals.
We first discuss the CL spectra obtained on the SnS reference samples. The spectrum in Fig. 3(c) shows a luminescence feature near 1.4 eV, which can be deconvoluted into three individual Gaussian peaks centered at 1.25 eV, 1.36 eV, and 1.48 eV. Comparison with the computed band structure of SnS [ Fig. 3(f) ] and with absorption measurements for SnS 19, 23, 37 leads us to assign the lower energy peaks to radiative recombination across the indirect and direct bandgaps of SnS, respectively. In some instances, more complex spectra are observed for the same powders [ Fig. 3(d) ], with additional peaks emerging at both lower ($1.2 eV) and higher (up to $1.8 eV) photon energies. Given that the simplest spectra comprise fewer peaks around 1.4 eV, we assign these 
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Appl. Phys. Lett. 111, 262102 (2017) additional luminescence features to the coexistence of other phases in the nominally pure SnS powders, as reported previously. 8, 22 Based on these reference measurements, the luminescence developing near 1.4 eV at later stages of electronbeam irradiation of SnS 2 can be ascribed to band-to-band transitions in increasing amounts of the final SnS phase. CL spectroscopy on electron irradiated thicker SnS 2 flakes has been used to obtain clearer spectral signatures of defective SnS 2 at early and intermediate stages of the transformation to SnS than that could be detected in thin, few-layer SnS 2 . Examples of such measurements are shown in Figs. 3(a)  and 3(b) . The early stage spectrum [ Fig. 3(a) ] shows the characteristic band-edge emission of SnS 2 (2.26 eV), a weak broader peak originating from small amounts of SnS (1.4 eV), and an as yet unidentified feature centered at 1.84 eV. The spectrum at a more advanced stage of the electron-beam induced transformation [ Fig. 3(b) ] comprises two families of features: An intense, narrow (full-width at half maximum, FWHM $0.1 eV) peak centered at 1.32 eV, close to the features observed in late-stage transformed thin SnS 2 [Fig. 2 (civ) and in the SnS reference Fig. 3(c) ]; and a broad-band emission (1.5-2.7 eV) that clearly contains several discrete contributions. We performed a lineshape analysis with a minimal number of Gaussian components to fit this broad emission peak. On the high-energy side, the analysis identifies two components at 2.28 eV and 2.45 eV, which by comparison with calculations [ Fig. 3(e) ] and absorption data 5 are ascribed to transitions across the indirect and direct bandgap of SnS 2 , respectively. On the low-energy side, we find two weak components that may be associated with the final SnS phase or intermediate minority phases, both of which show luminescence in this range [ Figs. 3(b) and 3(c) ]. The dominant feature in the thick, defective SnS 2 , however, is a somewhat broader (FWHM $ 0.25 eV) luminescence peak centered at a photon energy of 1.96 eV [marked by * in Fig. 3(b) ]. The intensity and energy of this peak-near the conduction band minimum of SnS 2 and much higher than any of the emission features due to SnS-suggest that it is due to lattice defects (i.e., V S ) induced by the electron irradiation of SnS 2 .
Ab-initio calculations were carried out to further substantiate this assignment and identify the nature of the presumed defect emission. The results of these calculations are summarized in Fig. 4 (see supplementary material for further details). PBE and HSE(0.22)-D2 formation energy diagrams for sulfur vacancies are shown in Fig. S3 (supplementary material) . In the neutral charge state, the defect shows a doubly occupied state in the gap. The stable charge states are þ2, þ1, and 0, where þ2/þ1 and þ1/0 transition levels lie close to each other. The charge transition levels are in fair agreement with the values reported recently. 25 Fig. S3 (supplementary material) also shows a configuration coordinate representation of the transition between different charge states, which was used to estimate the energies of optical transitions involving the V S defect level without excitonic effects. The calculated value for absorption is 1.88 eV and for emission is 0.74 eV. The latter is below the acceptance window of our STEM-CL system, and its experimental verification would require near-infrared CL or PL, which is not available to us. Relaxation has a strong effect on the energies and is reflected in sizable changes to the defect geometry. This might lead to efficient non-radiative recombination. As can be seen in Fig. 4(b) , in the neutral charge state (V S 0 ), one of the Sn atoms is displaced out of the metal plane. The length of the "broken bond" is 2.92 Å (with a back bond of 2.70 Å ), in comparison with the bulk value of 2.56 Å . In the V S þ1 state, these values decrease to 2.66 Å (2.53 Å ).
It was assumed in the above calculations that the electrons/ holes on the band edges are free and have the energy of the CBM/VBM far from the defect. Going beyond this picture, we can approximately take into account possible emission from bound excitons by forcing extra electrons/holes to the CBM/ VBM states (see supplementary material Note 1 for details). The most important optical (emission) transitions are summarized in Fig. 4(a) . Case (i) is the defect-mediated transition considered above (no excitonic transition). Case (ii) involves a neutral vacancy, with electrons at CBM and holes at VBM. The binding energy of the exciton (whose magnitude can be estimated from the binding energy of the free exciton in bulk SnS 2 , $0.1 eV) 34 and the binding to the defect are quite small, and the resulting optical emission due to recombination of the bound exciton is around 2.0 eV. Case (iii) is the same for the vacancy in the þ1 charge state. Here, the extra electron in the conduction band localizes near the defect, essentially yielding a neutral defect with a magnetic moment of 2 l B , whereas the hole is not localized due to repulsion from the defect. The emission for this case is at $1.5 eV. We also considered possible transitions involving Cl-dopants substitutional in S sites (see Fig. S4 , supplementary material) and found a transition close to the SnS 2 bandgap at 2.12 eV [ Fig. 4(a-iv) ], for both the defect-mediated transition and the "bound exciton" state (see supplementary material).
Comparing the calculated optical transitions with experiment, we find good agreement between the computed "bound exciton" related emissions [Figs. 4(a-ii) and 4(a-iii)] and peaks found in STEM-CL [ Fig. 3(b) ]. Whereas the measured intensity near 1. 
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Appl. Phys. Lett. 111, 262102 (2017) bound exciton) is low and could also be attributed to transitions in SnS [compare Figs. 3(c) and 3(d)], the intense peak at 1.96 eV is unique to defective SnS 2 with a large density of V S . The energy of this peak is close to the computed value of 2.0 eV, and hence, we assign it to emission involving a (neutral) V S 0 bound exciton in sulfur-deficient SnS 2 . The broadness of this peak could reflect modifications to the defect states when vacancies interact with each other and finally agglomerate into lines at larger concentrations, as proposed in Ref. 26 . In addition, transitions related to Cl-dopants can contribute to the high-energy tail of the peak.
In conclusion, we have used STEM-CL combined with DFT to probe luminescence in tin chalcogenide semiconductors, a group of layered materials with optoelectronic properties of interest for energy conversion processes including photovoltaics and photocatalysis. The experiments took advantage of the ability to generate sulfur vacancies in tin disulfide by high-energy electron irradiation, which at elevated temperatures ultimately leads to the complete transformation to tin monosulfide. Using this effect, different amounts of sulfur vacancies could be induced in-situ (in the electron microscope) followed by STEM-CL spectroscopy of radiative recombination in these defective materials. Applied to thin SnS 2 , this approach shows clear signatures of the end-point structures SnS 2 and SnS, but the spectral features in the transition regime (i.e., for defective SnS 2 ) are broad. Measurements on thicker SnS 2 , combined with spectra for a SnS powder reference, give narrower luminescence peaks that can be compared with theoretical calculations. Such comparison identifies a dominant emission in the visible region near a photon energy of 2.0 eV as recombination of excitons bound to neutral sulfur vacancies in defective SnS 2 . Given the increasing importance of tin sulfides for energy applications and the complexity of this material system-with three stable bulk phases (SnS 2 , Sn 2 S 3 , and SnS) 16 and the possibility of continuously varying the composition via introduction of sulfur vacancies-our results provide important spectroscopic signatures as a basis for tuning tin sulfides for optoelectronic applications.
See supplementary material for calculated lattice constants and bandgaps of SnS 2 and SnS (supplementary tables); CL and Raman spectroscopy and computed formation energy diagrams for the S vacancy and the Cl dopant in SnS 2 (supplementary figures); computational details (supplementary notes); Supplementary references.
